Interfacial effects on spin and symmetry filtering in single-crystal Fe(001)/MgO/Fe magnetic tunnel junctions are investigated with the insertion of a Fe monoatomic step at the bottom MgO interface. After annealing, the atomically flat bottom electrode is covered by a fractional part of a Fe monoatomic layer resulting in two-dimensional Fe islands that are separated for low coverages and percolated above around half a monolayer. The magnetotransport properties of the junctions are studied as a function of this Fe sublayer coverage that is varied from 0 to 1 monolayer. Surprisingly, the magnetoresistance ratio exhibits a maximum for a coverage around half a monolayer. Tunneling spectroscopy experiments performed at low temperature allow relating this result to the decrease of the contribution of the interfacial resonance state to the conductance of the junction.
I. INTRODUCTION
A huge tunnel magnetoresistance (TMR) ratio, above 1000%, has been predicted in single-crystalline Fe/MgO/Fe(001) magnetic tunnel junctions (MTJs) [1, 2] . This very peculiar property is directly related to the electronic band structure of bulk iron along the [001] direction ( direction) combined with the symmetry-dependent tunnel decay rate of the MgO barrier. For thick barriers, in the so-called asymptotic regime, the Fe electrode should behave like a half-metal. As a matter of fact, numerous experimental studies have been carried out on single-crystal MTJs [3] , but all of them led to limited TMR values, between 180% and 250% at room temperature and between 300% and 475% at low temperature as reported in the literature [4] [5] [6] [7] [8] [9] [10] . Moreover, quite similar results have been obtained with textured junctions, which are, however, intuitively expected to be less effective [11] . On the other hand, much higher TMRs have been reached with textured FeCoB electrodes grown by sputtering [12] . Despite significant TMR ratio improvement, the relation between high crystallinity and transport properties is then far from being obvious in this system. Concerning the epitaxial Fe(001)/MgO MTJs, the impact of chemical and structural defects has been experimentally checked. It has been shown that volume defects in the barrier as misfit dislocations are detrimental for TMR [13] [14] [15] [16] . Surprisingly, controlled contamination of the interface with carbon [17, 18] , or oxygen has been found to have small impact on TMR values (at zero voltage) [19, 20] . From a theoretical point of view, the difficulty is then to quantify the effect of these * christine.bellouard@univ-lorraine.fr † coriolan.tiusan@phys.utcluj.ro defects on the electronic band structure. In the case of carbon contamination at the interface, good agreements have been observed between experimental features and ab initio calculation [18] . Historically, carbon contamination of bottom Fe(001)/MgO interface in MTJs allowed the observation of the signature of the Fe surface state in magnetotransport measurements with MTJs in the asymptotic regime [17] . This surface state lies in the minority band, and the enhancement of its 1 spectral density with the presence of carbon leads to a sign reversal of the TMR for a specific bias which activates the conduction channel associated to this surface state. More recently, this reversal has been observed even with an undoped Fe/MgO interface in the thin barrier regime [21] . Here, the tunneling propagation of Bloch states with k // = 0 and various symmetries is allowed across the MgO(001) barrier and then the complete activation of the surface state is achieved (all its spectral components contribute to tunneling). Moreover, the surface state is indeed observed in the case of a very flat interface, and is completely missing in the case of a rough interface [21] . In the case of the flat interface, in the asymptotic regime corresponding to thick MgO barriers, this surface state has less effect on tunneling than in the case of a thin barrier because of a symmetry-dependent attenuation rate across the (001)MgO barrier [21] . Consequently, no reversal of the TMR is observed, the only effect being a steeper decrease of the TMR with the applied voltage. The detrimental effect on the TMR of a surface state lying in the minority band close to the Fermi level has been clearly shown for the Fe x Co 1−x /MgO junction where the properties of the surface state can be tuned with the alloy concentration [22] . On the other hand, one can argue that the interface state at the Fe(001)/MgO interface has a negative spin polarization which competes with the positive bulk polarization of Fe and therefore can have a negative effect on the total effective polarization of the Fe electrode in the single-crystal Fe(001)/MgO MTJs. The interface states which contain 1 symmetry states favor a conduction channel in antiparallel configuration which should be forbidden by bulk states. In that case, a possible detrimental effect of this interface state on the TMR amplitude at low bias is suspected but still remains unclear. Therefore, a possible way for the TMR enhancement would be the quenching of the Fe interface state or its shift in energy above or below the Fermi level. Theoretically, it has been proposed that an interfacial Ag monolayer would suppress tunneling through the interfacial state, and then increase the TMR [23] .
In the present study, we propose to affect or quench the interface state by creating some controlled roughness at the Fe/MgO interface. This goal can be achieved by growing less than an atomic Fe plane on top of the flat Fe electrode, leading to a topological modulation of the bottom Fe(001) surface at the interface with the MgO barrier. Using an in situ shutter, a Fe wedge ranging from 0 to 1 monolayer (ML) is deposited. It results in a coverage with Fe islands of varying size, which modulate the interface roughness in a reproducible and controlled manner. To investigate the quality of the tunnel barrier grown on different Fe surface qualities, the reflection high-energy electron diffraction (RHEED) patterns have been recorded during Fe and MgO growth. The evolution of reflected intensity, surface parameter, and linewidth during MgO growth, on flat or decorated surfaces, are compared. The room temperature magnetotransport properties of the junctions in the asymptotic regime (thick MgO barrier) were thus studied by varying the coverage (in the submonolayer range) of this last Fe atomic layer just below MgO. The impact of this topological surface modulation on the surface state was thus studied through tunneling spectroscopy measurements. Surprisingly, the TMR ratio exhibits a maximum for a covering ratio of about 0.5 ML. Tunneling spectroscopy experiments performed on patterned MTJs at low temperature allow to explain this result in terms of surface state properties. Our results show that the TMR enhancement is related to the IRS (interfacial resonance state) quenching on the border of the Fe terraces.
II. EXPERIMENTAL DETAILS
The MTJs are grown by molecular beam epitaxy (MBE) controlled by in situ reflection high-energy electron diffraction. Previous to deposition, the (001)MgO substrate has been outgassed at 650°C for 30 min, and covered by a 10-nm MgO trapping layer, which prevents carbon diffusion in the stack during subsequent annealing [24] . Fe has been evaporated either from a Knudsen cell (growth study) or with electron bombardment (transport study). The whole stack is MgO(10 nm)/Fe(60 nm)/Fe(from 0 to 1 ML)/ MgO(10 or 11 ML)/Fe(13 nm)/Co (30 nm)/Au(10 nm). The deposited barrier thicknesses have been determined with oscillations of RHEED intensity. After deposition at room temperature, the 60-nm-thick Fe layer has been annealed at 500°C for 30 min in order to flatten its surface. The 0-1 ML Fe wedge is then deposited at a substrate temperature of 100°C thanks to an in situ moving shutter. The Fe covering of the flat Fe layer modulates the size of the Fe islands which results in a controlled interfacial roughness. The growth of the single-crystalline MgO barrier is then performed at a substrate temperature of 100°C with monitoring by RHEED intensity oscillations. The in situ shutter is used again in order to get MTJ systems with two different barrier thicknesses on the same wafer. Then, the second Fe/Co electrode is deposited without any annealing, in order to avoid any rearrangement at the bottom Fe/MgO interface. Finally the stack is covered by a 10-nm Au capping layer. Electrical characterization was completed using a two-probes method on 10-40 µm square MTJs, patterned by a combined UV lithography/ion etching process. Each set of results presented as a function of the Fe covering rate is obtained with junctions aligned in the wedge direction and with the same size. Low-temperature measurements are performed in a Physical Properties Measurement System (PPMS from Quantum Design) supplied with a specific rod (lab-made).
III. RESULTS

A. Growth study
Figure 1(a) shows a RHEED pattern of a Fe (100) flat surface in the [10] azimuth and the profile used for the growth study. The first-order diffraction lines of the profile are then fitted by Lorentz laws [ Fig. 1(b) ], and three parameters are extracted: the intensity, the full width at half maximum, and the relative surface lattice spacing.
Previous to the MgO barrier growth study, we focus on the Fe growth on Fe, which provides information on the initial flat or atomically rough surface. An example of the variation of the intensity, linewidth, and in-plane surface lattice spacing as a function of Fe coverage is plotted in Fig. 2 . Oscillations of all parameters are observed for the first deposited layers, with a maximum (respectively, minimum) value of the intensity (respectively, linewidth) reached for full filled layers [Figs. 2(a) and 2(b)]. Oscillations of lattice spacing in homoepitaxy have already been observed in the case of Fe, V, or Nb [25] . They can been explained by angular dispersion of the incident beam [26] , or size effect (the lattice parameter of a nanoisland is not similar to the bulk) and can be enhanced by surface contamination (carbon or/and oxygen contamination may occur on Fe, V, or Nb buffer layers as sometimes observed by Auger spectroscopy) [27] . In the present study, no surface contamination was evidenced but even a low surface contamination that is difficult to detect may affect the nucleation density, and then the island's size. In this example, we observed a decrease of the lattice spacing of 0.5% for a Fe coverage of 0.5 ML. This may vary from one experiment to another, but the effect remains between 0% and 1%.
Previous studies based on an analysis of RHEED diffraction pattern have shown that it is possible to evaluate the nucleation density during a two-dimensional growth [25, 28] . It has been experimentally verified that the full width at half maximum of the RHEED streaks provides an estimation of the nucleation density N when the experiment is performed in anti-Bragg geometry [29] . Following this procedure, a systematic study has been performed as a function of the substrate temperature for a Fe coverage θ = 0.5 ML. Based on several experiments performed on different samples, the nu-
2 was estimated around (1.2 ± 0.4) 10 12 cm −2 . This value is in agreement with previous results presented in Ref. [27] . This global agreement with other experiments allows us to evaluate the average distance between islands for a substrate temperature around 100°C, L = 1 √ N ≈ (9 ± 2) nm. The average island size a was also estimated using the relation between the coverage and the surface occupied by an island (assumed to be squared) as θ ∼ = Na 2 . We thus obtained the average island size for θ = 0.5 ML as a = L √ θ = 6 nm. In a next step, the growth of MgO has been studied upon a flat Fe surface or upon Fe islands (Fe 0.5 ML). This study has been performed in the [10] Fe azimuth, with a substrate temperature of 100°C, and a constant MgO growth rate close to 0.1Å s −1 . From the recorded RHEED patterns, intensity profiles are extracted at the same location of the pattern in both studies [25] . The evolution of these parameters during MgO growth on flat Fe is presented in Figs. 3(a)-3(d) . This growth is known to be layer by layer with a lattice spacing mismatch: a MgO / √ 2 a Fe = 1.036. In that case, as usually observed [30] , two growth regimes can be distinguished, as indicated by the vertical arrow. For a deposited MgO thickness less than 5 ML (as evaluated by the intensity oscillations), the growth is so-called pseudomorphic, that is, the deposited layers are strained by the buffer and the lattice parameter is almost constant [ Fig. 3(b) ]. Above this critical thickness, the lattice parameter relaxes towards the MgO bulk value (relative value = 1.036) with the occurrence of dislocations. One can notice the phase relationship of the oscillations of the three parameters, in perfect agreement with theory [25] . Figures 3(c) and 3(d) present the same parameters in the case of MgO growth upon 0.5 Fe ML. Again, the two regimes can be clearly distinguished, as shown by the vertical arrow. In fact, after the deposition of 1.5-2 ML of MgO, as indicated by the dashed lines and black points, the behavior of the three parameters is very similar in both cases: for instance, the full width at half maximum (FWHM) presents a minimum at the crossover between the two regimes and reaches the same maximum value (≈15 a.u.) after the deposition of about 14 ML. However, the main discrepancies occur at the very first stage of the deposition (between 0 and 2 ML) for the three parameters. In particular, the relative lattice spacing increases more rapidly in the case of islands (about 2%) than in the case of flat Fe (roughly 1%) as indicated by the black point. In fact, one has to take into account the lower surface lattice parameter of 0.5 Fe ML with respect to that of flat Fe [0.5%, from Fig. 2(c) ], as noted above. The scale on the right side of the plot is calibrated with respect to the parameter of flat Fe. In that case, the parameter reached after relaxation is close to the value reached in the case of a flat surface. As a conclusion, the introduction of a half Fe monolayer before the growth of MgO modifies the very first stage of the growth (0-2 ML) but has no clear impact on the MgO barrier plastic relaxation, as can be observed within the RHEED coherence length scale. From this detailed structural analysis, in the following, we will thus assume that there are no significant differences between the volume properties of MgO barriers deposited on flat Fe surface or Fe islands.
B. Transport measurements
Based on the results of the in situ structural analysis, MTJ complete stacks with topologically modulated bottom Fe(001)/MgO interfaces have been grown, patterned, and submitted to magnetotransport analysis. MTJs with similar Fig. 4(a) ] measured for the reference junctions (flat Fe buffer) are about 100%. This TMR value is well below the 180% usually obtained at room temperature in single-crystalline Fe/MgO/Fe MTJs [18] . Indeed, we recall that the hard electrode of the MTJ has not been annealed (as for high TMR ratio junctions) to avoid any structural rearrangements at the bottom interface. Figure 4 (a) shows that the introduction of a small amount of Fe at the bottom interface leads to a strong increase of the TMR for both MgO barrier thicknesses. It reaches a maximum of 122% around the half covering for a barrier thickness of 10 ML. Then, the TMR decreases towards its reference value as the Fe covering increases from 0.5 to 1 ML. We point out that this maximum TMR value measured at half coverage, that is to say, for a maximum density of Fe steps or defects at the Fe(001)/MgO interface, is absolutely unexpected. To get a better understanding of the TMR variation with the interfacial Fe coverage ratio, we analyze the parallel (P) and antiparallel resistances (R P and R AP ) of the MTJs. Figures 4(b) and 4(c) present the evolution of R P and R AP referred to the flat surface. In both cases, a maximum is observed at half coverage, with a higher value for the AP resistance, which explains the increase of TMR. The increase of resistance with the introduction of Fe islands indicates that a conduction channel is reduced with the presence of Fe steps, and the effect is stronger in the AP configuration. The increase of TMR with Fe covering cannot be associated to the presence of a contamination, as the initial reference values of resistances are recovered after a full layer deposition. Therefore, the maximum TMR at half covering must then be correlated to the maximum density of steps.
Further insight on those results can be extracted from tunneling spectroscopy experiments. Figures 4(d)-4 (f) gather and correlate the bias dependence of the TMR =
, and the absolute value of the derivative of the antiparallel conductance measured at 5 K for 11 ML MgO thickness, and three Fe covering ratios, 0, 0.2, and 0.6 Fe ML. It should be noted that the transport properties presented here are obtained on different MTJs patterned on the same sample, with the same lithography process. Thus a quantitative comparison of the transport results obtained from one MTJ to the other is pertinent.
For negative voltage, electrons are injected towards the bottom electrode. Therefore, the measured tunnel current convolutes the occupied states of the top electrode, lying near E F with the electronic structure features of the unoccupied states in the bottom electrode. We firstly comment common features of the three interfaces. The voltage dependence of the TMR [Fig. 4(d) ] presents a very asymmetric shape, with a strong decrease of the TMR for negative voltages above −0.2 V for the three interfaces. As usual with Fe/MgO junctions, the voltage dependence of the TMR has to be correlated to the AP conductance. This conductance indeed exhibits a strong increase for negative voltage above −0.2 V [Fig. 4(e) ] whereas the voltage dependence of the parallel conductance is weaker [ Fig. 4(e) ]. This asymmetry of G AP is clearly shown in Fig. 4(f) which presents the absolute value of its derivative. In Fig. 4(f) , three peaks are observed: Two symmetric ones are located at ±0.037 V attributed to magnon excitations [18] ; the stronger one located only at −0.14 V reveals the asymmetry of the interfacial electronic structure. It has been previously attributed to the interfacial resonance state surviving in MTJ stacks with a high-quality bottom interface [31] . Previous studies have shown that it can be tuned by interface quality [21] or chemical doping [18] . It is located in the minority band and arrives in the¯ point just above the Fermi level. This interface state then dominates the voltage dependence of the antiparallel conductance at negative voltage when it is activated for tunneling. It plays a major role in the case of low MgO thickness, as it is responsible for a reversal of the TMR [21] . We focus now on the differences between the three bottom Fe/MgO interfaces corresponding to different Fe underlayer coverage ratios. At 5 K, the TMRs of the junction with 0.2 or 0.6 Fe ML at the bottom interface are improved at low voltage, as observed at room temperature. Their asymmetrical shape is slightly corrected with respect to the reference junction (flat Fe/MgO interface) when disordering the bottom interface. Concerning the parallel conductance, two features can be pointed out from the bias dependence plotted in Fig. 3(e) : It is globally decreased in the −0.6, 0.6 V range in the presence of islands, and this decrease is steeper at positive voltage for the 0.6 Fe ML interface. Assuming that within the asymptotic tunneling regime (our case), the parallel conductance is dominated by majority spins with 1 symmetry, any defect inducing a scattering of a pure 1 state towards Bloch states with more attenuated symmetry will decrease the conductance. However, this effect would be bias independent. The steeper decrease at 0.6 Fe ML for positive voltage, when electrons flow from the occupied states of the bottom electrode to the top electrode, involves a more specific feature of the electronic structure on tunneling in the parallel MTJ magnetization configuration. As a contribution of the minority spin density is also present in G P through the minority to minority channel, the decrease of G P for positive voltage could be due to a decrease of the contribution of the occupied minority channel at the Fermi level of the bottom electrode. This point is in fact further supported by the analysis of G AP . The main effect induced by the Fe islands is indeed observed for the AP conductance at negative voltage. The conductance is then dominated by the channel arising from majority spins of the top electrode flowing towards the minority states available above the Fermi level of the bottom electrode. Figure 4(f) shows that the main difference between MTJ systems with topologically modulated bottom Fe/MgO interfaces is the attenuation of the IRS peak at −0.14 V. Moreover, an overall decrease of | dG AP dV | in the presence of the decorated interface at negative voltage is observed whereas the curves are well superimposed at positive voltage, when electrons flow towards the upper interface. From this tunneling transport analysis we can conclude that, clearly, the presence of islands at the bottom interface has lowered the weight of the conduction mediated by the IRS. Because of the negative spin polarization of these states, it results in an improvement of the TMR ratio measured at low voltage. Interestingly, the present macroscopic study corroborates the results obtained in Ref. [32] on local electronic structure by scanning tunneling spectroscopy (vacuum interface). They found that the Fe(001)surface state is completely quenched along [100] and [110] monoatomic steps. Therefore, magnetotransport and tunneling spectroscopy experiments, performed on singlecrystal Fe(001)/MgO/Fe MgO with topologically modulated bottom interfaces, demonstrate that the IRS quenching leads to an enhancement of the tunneling spin polarization and consequently, of TMR amplitude at zero bias.
IV. CONCLUSION
In conclusion, transport properties of single-crystal Fe(001)/MgO/Fe junctions have been investigated as a function of controlled structural defects inserted at the bottom interface. These defects consist of monoatomic Fe islands whose size is varied with covering ratio. Surprisingly, a maximum TMR is observed for a covering rate of 0.5 Fe ML, which means for a maximum density of steps. A spectroscopic analysis allows attributing this effect to a decrease of the channel conduction mediated by the interface resonance state. As this state is located in the minority band, near the Fermi level, it has a stronger impact on the antiparallel conductance than on the parallel one. This explains the TMR amplitude enhancement when the IRS is quenched. This result demonstrates that in single-crystal Fe(001)/MgO MTJs the relation between structural quality and TMR is counterintuitive, with a maximum disorder inducing a maximum TMR. Our results can be extrapolated to provide further understanding of mechanisms responsible for larger TMR ratios measured in sputtered MgO based textured MTJs. The quenching/absence of the surface state in these systems may contribute to their better TMR performance. Moreover, the present study corroborates a local investigation of the electronic structure by scanning tunneling microscopy in the case of vacuum interface which has shown that the interfacial resonance state is quenched along monoatomic Fe steps [32] . Interestingly, Bischoff et al. have shown that this surface state is shifted towards higher energy with decreasing island size. As a perspective study, decreasing the island's size would then be worth investigating as it should also increase the density of steps, particularly in the low barrier thickness regime where the surface state dominates the TMR behavior.
